At early stages of Arabidopsis flowering, the inflorescence stem undergoes rapid growth, with 67 elongation occurring predominantly in the apical ~4 cm of the stem. We measured the spatial 68 gradients for elongation rate, osmotic pressure, cell wall thickness and wall mechanical 69 compliances, and coupled these macroscopic measurements with molecular-level 70 characterization of the polysaccharide composition, mobility, hydration and intermolecular 71 interactions of the inflorescence cell wall using solid-state NMR spectroscopy and small-angle 72 neutron scattering. Force-extension curves revealed a gradient, from high to low, in the plastic 73 and elastic compliances of cell walls along the elongation zone, but plots of growth rate versus 74 wall compliances were strikingly nonlinear. Neutron scattering curves showed only subtle 75 changes in wall structure, including a slight increase in cellulose microfibril alignment along the 76 growing stem. In contrast, solid-state NMR spectra showed substantial decreases in pectin 77 amount, esterification, branching, hydration, and mobility in an apical-to-basal pattern, while the 78 cellulose content increased modestly. These results suggest that pectin structural changes are 79 connected with increases in pectin-cellulose interaction and reductions in wall compliances along 80 the apical-to-basal gradient in growth rate. These pectin structural changes may lessen the ability 81 of the cell wall to undergo stress relaxation and irreversible expansion (e.g. induced by 82 expansins), thus contributing to the growth kinematics of the growing stem. 83 84 4 Introduction 85 When growing at steady state, axial organs such as roots and stems typically elongate in a 86 limited subapical growth zone, resulting in spatiotemporal correspondence of cell age (since 87 leaving the meristem), growth rate and developmental state with position along the growing axis 88 (Green, 1976) . This dynamic process is properly quantified by 'growth kinematics', a conceptual 89 framework based on fluid dynamics and continuum mechanics (Silk, 1984; Bastien et al., 2016). 90
Introduction5 dynamics along the growth zone. Recent work has pointed to the advantages of the Arabidopsis 118 inflorescence stem, which is readily marked for growth analysis and provides a powerful system 119 for studying cell development (Suh et al., 2005; Hall and Ellis, 2012) . We find that the 120 inflorescence stem is also amenable to mechanical tests, to analysis of wall structure by small-121 angle neutron scattering (SANS), and to 13 C enrichment, enabling high-resolution, 122 multidimensional magic-angle-spinning (MAS) solid-state NMR (SSNMR) spectroscopy to 123 examine wall polysaccharide structures and dynamics along the growth zone, with minimal 124 disruption of cell walls. By enriching cell walls with 13 C and studying them in their hydrated, 125 unextracted state, we previously characterized the chemical linkages, conformations, 126 intermolecular interactions, and ns to μs motions of polysaccharides in cell walls from seedlings 127 grown in shaker flasks containing 13 C-enriched glucose (Dick-Perez et al., 2011; White et al., 128 2014; Wang et al., 2016b) . In this study we produced 
Growth distribution along the inflorescence stem 136
Under our growth conditions, Arabidopsis inflorescences began to emerge ~28 d after 137 germination. At early stages (< 4 cm), the entire stem elongated; later, the basal region ceased 138 elongation. This evolution in elongation pattern resembles that of Arabidopsis hypocotyls, where 139 elongation is spatially delocalized at early times and later becomes localized to the apical region 140 (Bastien et al., 2016) . For inflorescence stems 5-6 cm long, elongation was slightly faster in the 141 light compared with the dark (mean of 1.13 versus 0.94 mm/h; SEMs=0.04 n=20-23); 142 consequently our measurements and sample collections were made during the light period. The 143 relative rate of elongation was maximal in the apical region and decreased in a basipetal gradient 144 over ~4 cm ( Figure 1A , B). This spatial pattern was maintained in older (taller) stems, although 145 growth rate declined slightly as the stem elongated. 146
147
For further analysis, we focused on 1-cm segments designated #1 -#4 from stems that were 5-148 6 cm long ( Figure 1A ). This set of materials represented cells varying ~three-fold in growth rate 149 ( Figure 1B ), but excluded non-elongating regions, i.e. before secondary cell wall production 150 became dominant. The osmolality of cell sap expressed from the four segments was ~280 151 mOsmol/kg and did not decline along the growth gradient ( Figure 1C) . Thus the growth gradient 152 along the stem was evidently not the result of declining turgor pressure, as solutes actually 153 accumulated slightly in the growing cells despite dilution by water uptake during cell 154 enlargement. Cross sections taken at 1-cm intervals along the stem revealed the same anatomical 155 appearance, with lignin present in the xylem at low but similar levels throughout the elongating 156 region (Supplemental Figure 1) . Estimates of wall thickness, based on wall mass per unit length, 157 did not vary along the growth gradient (see Materials and Methods) . From these results, we 158 conclude that the differences in growth rate in the elongation zone result from differences in wall 159 extensibility, which depends on biochemical loosening and viscoelastic compliances of the cell 160 walls (Cosgrove, 2016) . 161
162
To assess viscoelastic compliances along the stem, segments #1-#4 were frozen, thawed, and 163 mechanically extended in two consecutive cycles (Cosgrove, 2011) . The apical stem segments 164 displayed a remarkable ability to stretch, by more than 30% (Supplemental Figure 2) , with the 165 extent of irreversible (plastic) deformation dependent on the applied force. From the slopes of 166 the two force-extension curves, we calculated plastic and elastic compliances (fractional strain 167 8 gradient ( Figure 1D) . A plot of growth rate versus compliance shows a strikingly nonlinear 169 relationship ( Figure 1E ). Compliances decreased steeply in the apical region and plateaued 170 midway through the elongation zone. The plateau in elastic compliance is particularly notable. 171
172
The decrease in wall compliances along the elongation zone could result from changes in 173 polysaccharide structures or from increased binding and crosslinking of these components. 174
Therefore we assessed the polysaccharide composition of segments #1 -#4 by monosaccharide 175 analysis of the matrix and cellulose components of the wall, using hydrolysis by methanolysis 176 combined with 2 M trifluoroacetic acid (Me-TFA) to distinguish these two components of the 177 wall ( Table 1) . Pectin content was the highest in apical segment #1 and declined along the 178 growth gradient (60 → 53 mol%), primarily as a result of decreasing arabinan content (25→18 179 mol%). Xyloglucan (XyG) content showed a reciprocal pattern, increasing in a basipetal gradient 180 (17→25 mol%). No significant changes in cellulose content (19 mol%, judged as Me-TFA-181 resistant glucan) were observed along the growing region. Thus, the inflorescence cell walls are 182 rich in pectins and contain lower amounts of cellulose and XyG. 183
184
Cellulose microfibril organization assessment by small-angle neutron scattering 185
To assess changes in cell wall organization along the elongation zone, which can potentially 186 result from the history of wall extension or from new patterns of cellulose deposition, we 187 conducted SANS measurements of cell walls from segments #1 -#4. Whole stem segments were 188 frozen, thawed, extensively washed in 2% SDS to remove cytoplasmic contents, and incubated at 189 the contrast match point for cellulose (35% D 2 O), as well as in 100% D 2 O, where all wall 190 polymers contribute to scattering. These D 2 O match points are used to selectively mask neutron 191 scattering by cellulose or matrix, which vary in density and water content (Martinez-Sanz et al., 192 2016) , thereby highlighting neutron scattering by selected components. The scattering intensity 193 is plotted as a function of inverse length (Q) (Figure 2A In the high-Q (short length) region of the segment #1 scattering profile, there is a weak, broad 201 peak that becomes slightly more pronounced in the segment #4 profile ( Figure 2B ). We can 202 10 assign this scattering feature to the contribution of cellulose microfibrils because it disappears in 203 samples measured at the contrast match point of cellulose (35% D 2 O) ( Figure 2C ). The peak 204 maximum is at ∼1.52 nm -1 in both samples ( Figure 2D) ; this feature indicates that (a) some 205 cellulose microfibrils are spatially correlated, i.e. aligned, in the wall and (b) the distance 206 between the microfibrils that generate this scattering feature remains unchanged along the 207 elongation zone. Note that unaligned microfibrils do not generate peaks in the scattering curve, 208 so we are focusing here solely on the aligned fraction of the microfibrils. The average distance 209 between two neighboring microfibrils (d), calculated from the peak position using Bragg's law (d 210 = 2 π /peak position), is ~4.1 nm. However, considering the absence of a sharp Bragg peak in the 211 scattering pattern, a more accurate analysis was performed using the Unified Fit Approach 212 (Table 2) , which provides a multi-level fit of the scattering data (Beaucage, 1995; Stribeck, 2007) 213 ( Figure 2E, F) . The calculated ζ value, which represents the average distance between the 214 correlated particles, is ~3.9 nm for the high-Q (Level 1) region, which is similar to the distance 215 obtained directly through Bragg's law ( Figure 2D ) (Stribeck, 2007) . The dimensionless packing 216 parameter (k) obtained from the fit is indicative of how well the system is ordered (Beaucage et 217 al., 1995) . The upper limit (k = 5.92) indicates a perfect hexagonal or face-centered cubic crystal 218 structure and k decreases to zero in an uncorrelated system. In this study, intermediate k values 219 of 2.2 and 3.2 were obtained for segment #1 and #4 (Table 2) , respectively, indicating increased 220 alignment of the microfibrils along the elongation zone. 221 222 These SANS profiles indicate that cellulose is not strongly aligned in the primary walls of the 223 inflorescence and changes very little along the elongation zone, other than a slight increase in 224 alignment. This is a remarkable observation considering the large extent of cell wall elongation 225 as cells are displaced from the top of segment #1 to the bottom of the elongation zone (estimated 226 to be ~6 fold by kinematic analysis). We interpret the correlation distance (ζ) in the high-Q range 227 as arising from close lateral packing of cellulose microfibrils in limited regions of microfibril 228 bundling, as seen in onion cell walls (Zhang et al., 2016) . We also note that the ζ value obtained 229 from the Unified Fit analysis is similar to microfibril diameter (~3.5 nm), indicating that the 230 correlations observed in the scattering profile are primarily between neighboring pairs of 231 microfibrils, with no evidence of longer-range order of microfibrils. This conclusion does not 232 exclude the occurrence of larger bundles of microfibrils, but weak ordering may prevent their 233 resolution in these SANS curves. The increase in the k parameter is interpreted as increased 234 microfibril alignment of the paired microfibrils along the growth zone. Finally, the increase in 235 11 the power law exponent (P) from 2.54 to 2.74 at low Q (level 3, 0.015 -0.1 nm -1 ) may be due to 236 an increase in the density, packing or entanglement of matrix polymers, perhaps as a 237 consequence of cell wall extension or changes in matrix polysaccharides, evidenced in the 238 composition analysis described above, and further confirmed by SSNMR data shown below. 239
240
Polysaccharide composition and dynamics from 1D 13 C SSNMR spectra 241
To investigate the wall polysaccharide structures and dynamics of the growing inflorescence 242 stem at the molecular level, we prepared cell walls from plants grown in an atmosphere 243 containing 13 C-enriched CO 2 , thereby enabling two-dimensional 13 C SSNMR experiments. We 244 first examined the polysaccharide composition of cell walls from inflorescence segment #1 using 245 quantitative 13 C direct polarization (DP) experiments ( Figure 3A) . The 13 C spectrum is 246 dominated by many well-resolved matrix polysaccharide peaks with linewidths of 0.3-0.6 ppm 247 (Wang et al., 2015) . Many of these sharp signals can be assigned to pectins, for example the 108-248 ppm Ara C1 peak, the Rha and GalA signals at 101 ppm, 79 ppm and 69 ppm, the 53.5-ppm 249 methyl ester signal, and the 21-ppm acetyl signal of RG-I. Three carbonyl peaks are observed at 250 172 ppm, 174 ppm and 176 ppm, and can be assigned to GalA methyl ester in HG, GalA acetyl, 251
and GalA carboxylate in RG-I and HG, respectively (Wang et al., 2016a) . The cellulose 252 intensities in these inflorescence cell walls are much lower than those of seedling cell walls, as 253 seen for the resolved interior cellulose C4 peak at 89 ppm and C6 peak at 65 ppm (Dick-Perez et 254 al., 2011) . No lignin signals are detected, as evidenced by the absence of the OCH 3 methoxy 255 signal at 56 ppm. Thus, the cell walls of fast-growing segment #1 have a high pectin content and 256 low cellulose content. 257
258
We next probed polysaccharide dynamics by a series of contents (estimated from these spectra to be 38-49%) than the seedling cell wall. In contrast, 299 pectin intensities decrease from infloresence #1 to infloresence #4, but are still distinctly higher 300 than that of the seedling cell wall. Second, pectin sidechain signals decrease more strongly than 301 pectin backbone signals from segment #1 to #4, as seen by the relative intensities of the 108-ppm 302 Ara C1 peak, the 101-ppm Rha and GalA C1 peak, and the 17-ppm Rha C6 peak. Third, the 303 methyl ester and acetyl peak intensities at 54-ppm, 172-ppm, 21-ppm and 174-ppm decrease by 304 5-15% from segment #1 to #4, while the 176-ppm carboxyl peak increases by ~6%. Therefore, 305 esterified and non-esterified GalA C6 exhibit opposite and correlated intensity changes along the 306 elongation zone. These observations extend the data of Table Ara. Similarly, Ara-c and Ara-d can be assigned to 5-α-L-Ara and t-α-L-Ara, respectively, and 329 are also present in seedling cell walls. Additionally, seedling cell walls show relatively low Ara-f 330 content, a 2,5-linked α-L-Ara. Figure 5C summarizes the structures of the four assigned α-L-331 Ara linkages found in the inflorescence cell walls. The Ara structural diversity is reminiscent of 332
Brachypodium primary cell wall , although the latter does not contain 2,5-333 and 2,3,5-linked Ara. The inflorescence cell walls exhibit three Rha signals that are also present 334 in seedling cell walls, while a fourth Rha in seedling is absent in the inflorescence samples 335 ( Figure 5B) . Finally, unlike the Brachypodium cell walls, these Arabidopsis inflorescence walls 336 do not show detectable xylan signals. Figure 5D compares the xylan regions in the DP-J-337
INADEQUATE spectrum of Brachypodium cell wall with the same regions 338 of the inflorescence #1 spectrum, showing a clear absence of xylan signals in the inflorescence 339 spectra, in good agreement with the monosaccharide analysis ( Table 1) . These data, taken 340 16 together, show that inflorescence cell walls contain more dynamic pectins with increased Ara 341 sidechain branching as well as distinct backbone conformations of RG-I and HG. 342 343
Inflorescence cell walls have strong water-polysaccharide interactions 344
Our previous SSNMR spectra of seedling cell walls showed that calcium-crosslinked HG is 345 important for maintaining wall hydration by trapping and partially immobilizing water (White et 346 al., 2014; Wang et al., 2015) . To investigate how water interacts with the pectin-rich 347 inflorescence cell walls, we measured 2D Figure 6B shows that inflorescence segment #1 has higher water-transferred 360 pectin 13 C intensities than segment #4, and both cell walls have higher water-transferred 13 C 361 intensities than seedling cell walls. Therefore, the fastest growing segment #1, which has the 362 highest pectin content and esterification, also has the strongest water-polysaccharide interactions. 363 Our results show that the apical-to-basal decrease in elongation rate along the Arabidopsis 396 inflorescence stem, measured here in relatively young inflorescences and in previous studies in 397 older stems (Suh et al., 2005; Hall and Ellis, 2012) , is accompanied by wall stiffening, quantified 398 as decreasing elastic and plastic compliances in stress-strain measurements and by reduced 399 polysaccharide mobility, weaker water-polysaccharide interactions, less branching and reduced 400 esterification of pectins as seen in the solid-state NMR data. However, as in the case of maize 401 roots (Beusmans and Silk, 1988) , the distribution of growth rate did not parallel the distribution 402 of wall compliances along the inflorescence stem. The SANS data indicate rather subtle 403 increases in microfibril alignment and polysaccharide packing density along the elongation zone. 404
From the growth kinematic profile, we calculate that cells increased in cellular volume and 405 lateral wall surface area by 6-fold during the estimated 60 hour transit through the ink-marked 406 locations at the starting and ending points of the elongation zone. Thus, it is noteworthy that cell 407 osmotic pressure, and presumably turgor pressure, did not decline along this growth gradient; 408 likewise wall thickness remained constant. Evidently passive cell wall thinning and dilution of 409 osmotic pressure during cell elongation are closely matched by active cell wall deposition and 410 generation of osmotic solutes, which can be estimated precisely with kinematic approaches (Silk 411 and Bogeat-Triboulot, 2014). The growing stem cells apparently coordinate growth with these 412 cellular processes more closely than do Arabidopsis hypocotyls (Refregier et al., 2004) , whose 413 cell walls thinned during elongation, or pea epicotyls (Cosgrove and Cleland, 1983) , whose cell 414 osmotic pressure declined slightly along the elongation zone. The last two examples 415 notwithstanding, plant cell growth is generally well coordinated with the production of cellular 416 materials needed for mechanical stability and the Arabidopsis inflorescence is a fine example of 417 such coordination. 418
419
The decline in cell wall mechanical compliances along the stem implies a change in wall 420
structure, yet we did not detect parallel changes in cellulose structure by SSNMR or SANS, other 421 than a modest increase in cellulose content and microfibril alignment. Whether such subtle 422 changes influence wall mechanics or growth is uncertain at this time. The increased alignment 423 could be the result of wall strain during growth, or changes in matrix polysaccharides, or changes 424 in the wall assembly process at the later stages of stem elongation. In contrast, pectic 425 polysaccharide structure and dynamics showed pronounced changes along the elongation zone, 426 with lower arabinan and galactan content, decreased esterification, reduced pectin mobility, and 427 22 weaker water-pectin interactions in the apical-to-basal direction. In previous work, decreases in 428 pectin esterification and increases in calcium crosslinking were associated with growth cessation 429 in mung bean hypocotyls (Goldberg, 1984; Goldberg et al., 1986) and with loss of cell wall creep 430 induced by expansins in cucumber hypocotyls (Zhao et al., 2008) . Likewise, pectin mobility, as 431 measured by SSNMR spin relaxation, was reduced in pectin-rich collenchyma from non-growing 432 (tall) stalks of celery compared to shorter (still growing) stalks (Fenwick et al., 1997 Recently we demonstrated that interactions between cellulose and pectins, mainly RG-I and a 437 portion of HG backbones, are inherent to plant primary cell walls and not simply a matter of 438 molecular crowding (Wang et al., 2012; Wang et al., 2015) . With these studies as background, 439
we suggest that pectin-cellulose interactions increase as cells are displaced through the 440 elongation zone of the inflorescence stem and that a consequence of increased interactions is a 441 decrease in mechanical compliances. These compliances should not be mistaken for measures of 442 wall extensibility in the sense of plant growth, meaning "the ability of the cell wall to increase in 443 surface area irreversibly during growth" (Cosgrove, 2016) , a process that requires dynamic wall 444 loosening and stress relaxation. For the stems studied here, growth rate and compliances both 445 decline along stem, but highly nonlinear way (Figure 1E ), which suggests that wall loosening 446 and viscoelasticity may make different contributions to growth along the elongation zone. The 447 stress/strain compliances do not measure wall loosening per se, but depend instead on wall 448 structure and hence are influenced by the extent of microfibril-microfibril binding (via direct 449 contacts as well as indirect contacts mediated by matrix polysaccharides), the conformation and 450 hydration of matrix polysaccharides (Edelmann, 1995; Evered et al., 2007) , and the extent of 451 covalent cross linking of matrix components (Buanafina, 2009). Current concepts of primary cell 452 wall structure have not yet been developed in sufficient detail to predict the dependence of wall 453 mechanics on wall structure, a notable gap in the cell wall field. 454
455
Our results show that wall mechanical stiffness increases as pectins lose certain features, 456 implying a mechanical aspect to one or more of these structural changes. This inference is at 457 odds with the common notion that the cellulose scaffold is the principal load-bearing structure in 458 primary cell walls. This idea springs from the high stiffness of cellulose microfibrils, but fails to 459 consider how cellulose microfibrils are connected to one another to form a mechanically strong 460 23 material. A recent study that combined extensometry with atomic force microscopy and different 461 forms of cell wall strain showed that both cellulose microfibrils and matrix polymers, 462 predominantly pectins, bear the tensile load of elastically stretched onion walls (Zhang et al., 463 2017) . This confirms the mechanical significance of the matrix at the molecular scale and adds 464 impetus to recent interest in the state of pectins in growing cell walls and the need for better 465 models of cell wall mechanics (Peaucelle et al., 2012; Xiao et al., 2014; Levesque-Tremblay et 466 al., 2015) . 467 468 Although pectin-cellulose molecular interactions are evident in SSNMR spectra of cell walls, 469
in-vitro binding studies have not replicated comparable interactions. For instance, when 470 incubated at low concentration with various forms of cellulose, neutral pectic sidechains 471 (debranched arabinans, galactans) bind to cellulose with low-to-moderate strength but the pectic 472 backbones (HG, RG-I) display negligible affinity to cellulose (Chanliaud and Gidley, 1999; 473 Zykwinska et al., 2005; Zykwinska et al., 2007a; Zykwinska et al., 2007b Zykwinska et al., , 2008 Park et al., 2014; 474 Lin et al., 2015) . In contrast, 2D cm during the dark cycle to reduce humidity. The inflorescence stems were collected when they 507 reached 5-6 cm length (37-42 days) and were cut into 1-cm segments below the apical bud. 508
Cauline leaves and siliques were removed and stem segments were stored at -80°C. These cell 509 wall samples were ~30% statistically labeled, estimated by comparing the intramolecular spin 510 diffusion efficiencies of these stem cell walls with a uniformly-labeled seedling sample (Wang et 511 al., 2015) . 512
513

Cell wall composition analysis 514
Stem segments were ground in liquid nitrogen and incubated with shaking in 1.5% sodium 515 dodecyl sulfate (SDS) at room temperature for 16 h to remove proteins and membranes and to 516 inactivate endogenous wall enzymes. Cell wall residues were rinsed 6 times with ddH 2 O and the 517 wash with 1.5% SDS was repeated and then washed ten times with ddH 2 O. Samples were treated 518 overnight at 37°C with α-amylase from porcine pancreas (100 U/mL) to remove starch, with 519 NaN 3 (0.02%) to inhibit microbial growth. Cell walls were washed three times with ddH 2 O, 520 incubated with shaking in 1.5% SDS at room temperature for 10 h, and then washed ten times 521 with ddH 2 O. This cell wall preparation was used for monosaccharide analysis, cellulose content 522 determination, and SSNMR experiments. For SSNMR analysis the never-dried Arabidopsis 523 samples were centrifuged at room temperature at 1,000 g for 5 min and 5,000 g for 90 min to 524 reach a hydration level of ~40 weight%. 525
526
The monosaccharide analysis protocol was adapted from the methods of De Ruiter et al. (1992) 527 and Wang et al. (2013) . In brief, 1 mg of dry cell wall powder and 500 µL of 3 N methanolic 528 hydrochloric acid were mixed and incubated at 80°C for 16 h, cooled on ice, and dried with 529 filtered air. Two hundred μL of 2 M trifluoroacetic acid was added to the dried residue, mixed 530 thoroughly, incubated at 121°C for 2 h in a sealed tube, and cooled on ice. Samples were 531 centrifuged at 14,000 g and supernatants (containing the hydrolyzed matrix) were removed and 532 air-dried. The insoluble residue, predominantly cellulose, was hydrolyzed with 500 µL of 72 % 533 H 2 SO 4 at room temperature for 1 h. Samples were then diluted with ddH 2 O to a concentration of 534 2 M H 2 SO 4 and incubated at 100 °C for 2 h with frequent vortexing, then neutralized with 535 NH 4 OH and air-dried. All samples (both supernatant and residue) were re-suspended with 536 ddH 2 O and filtered with 0.2 μm Millex -LG syringe-driven filter cartridges and analyzed by 537 anion exchange chromatography with pulsed amperometric detection on a CarboPac PA20 538 column at a flow rate of 0.5 mL/min (Dionex ICS-5000 Capillary Reagent-Free IC System). The 539 loaded column was eluted with 10 mM sodium hydroxide for 15 min, then ramped to an equal 540 mixture of 100 mM sodium hydroxide and 100 mM sodium acetate over 25 min. Sugar 541 composition analysis (Table 1 ) was used to estimate the relative concentrations of pectin, XyG, 542 xylan, and cellulose in segments #1 -#4 and the base of the stem. The data are based on one set 543 of ~50 ground stems with three separate samples measured as above for each segment, with two 544 technical replicates, for a total of 6 measurements for each segment. 545
546
To assess polysaccharide losses (solubilization) by our wall preparation procedure, we ground 547 inflorescence segments in 20 mM MES buffer or 1% SDS, incubated overnight, precipitated the 548 extract with ice-cold ethanol and measured total sugar content of the precipitated material 549 (Albalasmeh et al., 2013) . Solubilized polysaccharide was ~5% of the total wall polysaccharide 550 content and was the same for segments #1 -#4. This shows that inflorescence walls incurred 551 negligible loss wall structural material and there was no evidence for differential losses along the 552 growth gradient. 553 554 Lignin content was determined by measuring the fluorescence intensity after staining stem 555 cross sections with basic fuchsin (Kapp et al., 2015) . Stem segments were frozen in cryomatrix 556 and sectioned with a cryo-microtome (Leica CM1950 cryostat). The 40-µm sections were 557 26 incubated in 0.001 % basic fuchsin for 5 min at 100 rpm, washed with ddH 2 O for 10 min, 558 washed twice with 50 % glycerol for 10 min, and rinsed in ddH 2 O. The sections were imaged 559 with the cy3 filter (565 nm wavelength) on an Olympus BX63 (Chroma 49005 filter). Intensity 560 of the section area was measured using Olympus cellSens software. 561 562
Mechanical measurements 563
For stress-strain assays, stems from 5-6 cm tall primary inflorescences were frozen at -80˚C, 564 thawed, cut in 1-cm segments matching the growth analysis, and flattened between glass slides 565 under 700 g for 10 min. Segments were clamped in a custom-built extensometer with 3 mm 566 between clamps and extended in two cycles to a maximum of 40 g force (390 mN) at 3 mm/min. 567
The slopes at the end of the two stress/strain curves were used to calculate the plastic and elastic 568 compliances of the walls (Cosgrove, 2011) averaging the processed 2D images, which were normalized to incident beam monitor counts, 588 and corrected for detector dark current, pixel sensitivity and scattering from the titanium quartz 589 27 cell. Plant stem segments, prepared as for mechanical analysis, were washed in 2% SDS for 12 h, 590 flattened between slides with a 700-g weight, and washed in SDS for three additional cycles (48 591 h total), then equilibrated in water. Prior to SANS measurement they were equilibrated in 592 D 2 O/H 2 O solvents (100% and 35% D 2 O) for at least 24 h with several changes of solvent. The 593 stems (10-12 stems, 1 cm in length) were vertically aligned in titanium cells and filled with 594 equilibration solvent for SANS measurements. 595 SANS data analysis was carried out using the Irena evaluation routine implemented in 596 commercially available Igor Pro Software (Ilavsky and Jemian, 2009) . A multi-level Unified Fit 597 was used to describe the multiple levels of structural organization evident in the scattering data 598 (Beaucage, 1995 (Beaucage, , 1996 . In this method, the scattering provided by each structural level is the 599 sum of a Guinier exponential-form and a structurally limited power-law tail. A generalized 600 equation representing any number of spherical levels is written as (Beaucage, 1995 (Beaucage, , 1996 : 601
( 1) 602 where n is the number of structural levels observed, G is the Guinier prefactor, R g is the radius of 603 gyration and B is a prefactor specific to the type of power-law scattering which is specified as 604 the decay of the exponent P. Error analysis was performed using the least-squares fitting 605 approach for non-linear functions in order to properly account for correlated parameters which is 606 available as 'analyze uncertainty' in the Unified Fit implementation of the Irena evaluation 607 routine. 608 609 Additionally, the presence of a correlation peak was observed in the high Q region of segment 610 #1 and #4 measured in 100% D 2 O and was attributed to the cellulose microfibrils. The degree of 611 correlation distance between the correlated particles was analyzed using the Unified Fit 612 Approach, as previously described (Stribeck, 2007; Cardoso et al., 2010) . The correlation effect 613 is incorporated into the general scattering intensity description as follows (Beaucage et al., 1995) : 614
where AF(Q) 2 is the scattered intensity for non-correlated particles and corresponds to Equation 616 1 (Beaucage et al., 1995) . S(Q) is the structure factor that, in the Unified Fit, accounts for weak 617 correlations between the particles and was only applied to modify the high-Q structural level. All 618 remaining structural levels were not affected by S(Q). In the Unified Fit method, a semi-619 28 empirical function based on Born-Green theory that describes the correlations between the 620 particles is given by 621 A spin-lock contact time of 0.5 ms and a recycle delay of 2 s were used for CP spectra. 641
Refocused INEPT (Elena et al., 2005 ) spectra were measured under 13.5 kHz MAS at 293 K to 642 selectively detect highly dynamic segments such as pectin sidechains. A recycle delay of 3.5 s 643 and a total polarization transfer time of 6.0 ms, which consists of two delays of 1.8 ms followed 644 by two delays of 1.2 ms, were used for the INEPT experiments. These delays correspond to 645 1/(4J CH ) and 1/(6J CH ) respectively assuming a standard *The top number in each entry shows the sugars, primarily from matrix polysaccharides, released by methanolysis and hydrolysis of the samples with 2 M trifluoracetic acid (TFA). The bottom number, in parentheses, shows sugars in the residues (mainly cellulose). Our analysis did not separate xylose from mannose. Using a method described by Wang et al. (2013) . 701 
